Exogenous derivatives of 3':5'-cyclic GMP, 8-bromo-and N2,02-dibutyryl cyclic GMP, coordinately repress surface structure differentiation in Caulobacter crescentus. Growth in the presence of cyclic GMP derivatives resulted in the loss of flagella and pili formation and concomitant resistance to both DNA phage 4CbK and RNA phage 4CbS infection without affecting growth rate, stalk formation, and equatorial cell division. The effect of cyclic GMP derivatives was shown to be the repression of synthesis of specific structural proteins. This effect could be reversed by exogenous N6,O2-dibutyryl 3':5'-cyclic AMP, and mutants resistant to repression by cyclic GMP derivatives exhibited a pleiotropic phenotype affecting a cyclic AMP-mediated event.
DNA phage 4CbK receptor sites. Cyclic GMP derivatives were shown to specifically inhibit the synthesis of flagellin and two outer membrane proteins. These results further support the contention that surface morphogenesis in Caulobacter is coordinately regulated and suggest a physiologic role for cyclic guanine nucleotide. The intracellular concentration of cyclic GMP in Caulobacter has, in fact, been shown to vary with carbon source and stage of growth of the culture.* A regulatory role for cyclic GMP was further suggested by the observation that a specific cyclic GMP receptor protein (10) , as well as guanylate cyclase (11) , can be obtained from C. crescentus cell extracts. Exogenous cyclic GMP has been reported to regulate stalk elongation in mutants of C. crescentus (12) .
Cyclic GMP repression of surface structure formation appears to be linked to 3':5'-cyclic AMP-mediated events, since repression was reversed by the simultaneous addition of dibutyryl cyclic AMP. Furthermore, mutants resistant to repression by derivatives of cyclic GMP were isolated both by the ability to grow on lactose at 370 in the absence of dibutyryl cyclic AMP and by selection for the maintenance of motility in the presence of cyclic GMP derivatives.
MATERIALS AND METHODS "4C-Labeled reconstituted protein hydrolysate yeast profile, 1 mCi/ml, was purchased from Schwarz/Mann. N6,02'-Dibutyryl 3':5'-cyclic AMP, N2,02-dibutyryl 3':5'-cyclic GMP, 8-bromo 3':5'-cyclic GMP, and N-methyl-N'-nitro-N-nitrosoguanidine were purchased from the Sigma Chemical Co.
Growth Conditions. C. crescentus strain CB13 was grown at 30°in minimal medium (9) in the presence of lactose (0.5% wt/vol), mannose (0.2% wt/vol), or glucose (0.2% wt/vol). Minimal medium was prepared with deionized water produced by bacteria-free ion exchange columns. To insure low organic content, input water was first treated with iodine and bacterial filters placed before and after deionizing columns. If precaution was not taken to prevent bacterial growth on ion exchange resins, the growth rate of C. crescentus CB13 on glucose (normally 4 hr generation time) was slowed to 8 hr, cultures responded aberrantly to a carbon source shift-down, and the effect of cyclic GMP derivatives on polar differentiation was substantially decreased.
Mutant Isolation. Mutant strains resistant to repression by cyclic GMP derivatives were isolated after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (13) . Resistant mutants remained motile in the presence of 3 mM dibutyryl cyclic GMP or 0.5 mM 8-bromo cyclic GMP and were thus selected by colonial morphology on soft agar (0.1%) plates containing either cyclic GMP derivative. Motile colonies were selected on soft agar plates as described (7) .
Spontaneous mutants of C. crescentus CB13 able to grow on lactose as the sole carbon source at 370 appeared with a frequency of 10-8. Twelve out of 12 of these mutants were shown to be simultaneously resistant to repression by derivatives of cyclic GMP. Electron Microscopy. Bacterial preparations were negatively stained with 1% phosphotungstic acid (14) . Preparations were negatively stained with 2% ammonium molybdate (pH 7.0) (15) (Fig. lb) . To improve visualization of pili, electron micrographs were taken of cultures containing an excess (multiplicity of infection = 10) of the RNA phage (Cb5. Although control cultures showed pili covered with the spherical RNA phage, greater than 90% of the nonstalked cells in the cultures grown in the presence of dibutyryl cyclic GMP lacked pili. The DNA phage #CbK has been shown to specifically attach to the C. crescentus cell pole independent of the presence of flagella or pili (6, 7, 16) , but adsorption of these phage failed to occur in cultures grown in the presence of cyclic GMP derivatives. Furthermore, these cultures were resistant to both RNA phage bCb5 and DNA phage #CbK infection, as shown by streaking phage suspensions and bacterial cultures on either lactose or mannose agar plates supplemented with cyclic GMP derivatives (3 mM). Cyclic GMP derivatives had no effect on glucose-grown cultures.
Although exogenous cyclic GMP derivatives repressed flagella and pili formation, as well as phage adsorption, both polar stalk formation ( Fig. 1 ) and growth rate ( Fig. 2) were unaffected. These results are consistent with previous observations that the deletion of this series of morphogenetic events by mutation does not affect other components of the Caulobacter cell cycle (7). Repression of surface structure formation appeared specific for cyclic guanine derivatives, since motility and phage sensitivity were not affected by cyclic AMP, N6,02'-dibutyryl cyclic AMP, N6-monobutyryl cyclic AMP, 8-bromo cyclic AMP, or cyclic GMP. The effective concentration of exogenous 8-bromo cyclic GMP (0.5-1 mM) was 3-to 6-fold lower than that of dibutyryl cyclic GMP. Proc. Nati. Acad. Sci (Fig. 4) . Mutants mutation that affected the coordinate assembly of these polar structures (7) . Furthermore, a conditional mutant unable to assemble a flagellum at the restrictive temperature maintained production of the flagellin precursor (16 
